Abstract -In hybrid cells, not only are the nuclear genomes of parent cells fused, but their cytoplasm is as well. Mitochondrial DNA (mtDNA) is a convenient marker of cytoplasm that allows us to gain insight into the organization of hybrid-cell cytoplasm. We analyzed the parental mtDNA in hybrid cells resulting from the fusion of Mus musculus embryonic stem (ES) cells with splenocytes and fetal fibroblasts of DD/c mice or with splenocytes of M. caroli. Identification of parental mtDNA in hybrid cells was based on polymorphism among parental mtDNA for certain restriction endonucleases. We found that intra-and interspecific ES cell-splenocyte hybrid cells either entirely or partially lost mtDNA derived from a somatic partner, whereas ES cell-fibroblast hybrids retained mtDNA from both parents in similar ratios with a slight bias. The loss of somatic mitochondria by ES-splenocyte hybrids implies a nonrandom segregation of parental mitochondria, which was supported by a computer simulation of genetic drift. In contrast, ES cell-fibroblast hybrids show bilateral random segregation of the parental mitochondria judging from the analysis of mtDNA in single cells. Preferential segregation of somatic mitochondria does not depend on the differences in sequences of the parental mtDNA, but rather on the replicative state of parental cells.
Developmental potential of embryonic stem (ES) cells is exploited to study the genome reprogramming of differentiated cells through the creation in vitro of hybrid cells (Matveeva et al., 1998 , Serov et al., 2001 Tada et al., 2001 Tada et al., , 2003 Hatano et al., 2005; Vasilkova et al., 2007) . There are lines of evidence that indicate that hybrid cells generated by fusion of the ES cells with cells from adults retain a state of pluripotency comparable to that of the ES cells with consequential genome reprogramming of the differentiated cell (Matveeva et al., 1998; Surani, 2001; Tada et al., 2001 Tada et al., , 2003 Kimura et al., 2004; Cowan et al., 2005; Vasilkova et al., 2007) .
There are ample reasons to regard ES-differentiated cell hybridization as a new way to recover developmental potential in cells that have lost it during differentiation (Matveeva et al., 1998; Serov et al., 2001; Tada et al., 2001 Tada et al., , 2003 Ambrosi and Rasmussen, 2005; Cowan et al., 2005) . Experiments with the transfer of differentiated cell nuclei into enucleated eggs or oocytes have demonstrated the crucial role of egg or oocyte cytoplasm in nuclear reprogramming (Gurdon, 1986; Di Berardino, 1997; Kikyo and Wolffe, 2000; Tamada and Kikyo, 2004) . Fusion of ES and differentiated cells results in the union of not only nuclear genomes, but also of the parent cytoplasm. In previous studies we followed the fate of parental chromosomes in the hybrid genome using chromosome-specific probes or microsatellite markers Pristyazhnyuk et al., 2005) . However, the contribution of other parental replicative structures, such as mitochondria, to the organization of the hybrid cell cytoplasm remains unclear.
Here, we analyzed mitochondrial DNA (mtDNA) in intraspecific hybrid clones generated by fusion of ES cells from 129/Ola mice with splenocytes and fetal fibroblasts derived from DD/c mice, and also in a series of interspecies hybrid clones generated by the fusion of ES cells from Mus musculus mice with M. caroli splenocytes. MtDNA served as a marker of the cytoplasm from the parental cells and, with the replicative advantage of mtDNA in mind, it appears that mtDNA analysis would provide a better understanding of how the mtDNA content is changed during long-term culture of hybrid cells.
MATERIALS AND METHODS
Cell lines and culture conditions. HM-1 line of ES cells derived from 129/Ola mouse blastocysts ( M. musculus ) (Magin et al., 1992) , which was kindly provided by Dr. David Melton (University of Edinburg), and its interspecific hybrids were used in experiments. HMC hybrid interspecific clones (20) were obtained by the fusion of HM-1 cells with splenocytes from an M. caroli adult female. HM-1 cells were also fused with DD/c mouse fetal fibroblasts and generated HESF intraspecific hybrid clones (5) or with splenocytes from DD/c adult female and generated HESS hybrid clones (3). The conditions for the generation of hybrid cells and their maintenance have been described elsewhere (Matveeva et al., 1998; .
Isolation of splenocytes.
Splenocytes were isolated by the conventional procedure. Spleens of DD/c mice were minced by scissors and placed in DPBS (Dulbecco's phosphate buffered saline, Sigma). Cell suspension was left for 10-15 min at room temperature, then supernatant was carefully aspirated by a pipette. The supernatant was centrifuged at 800 g for 3 min and the pellet was washed twice with DPBS. The resulting pellet was suspended in Eagle MEM medium, and the cells were counted.
DNA isolation and PCR analysis. DNA was extracted with DNAzol (Life Technologies, United States) according to the manufacturer's recommendations. Standard Life Technologies (United States) and Roche Diagnostics Gmbh (Germany) kits were used throughout. The composition of the 50 µ l reaction mixture for PCR was as follows: 50-500 ng of total DNA from parental or hybrid cells; 1 µ M of forward or reverse primers; 1 unit of Taq polymerase; 20 mM TrisHCl buffer, pH 8.4; 50 mM KCl; 2.5-3.0 mM MgCl 2 ; and 0.2 mM of each deoxynucleotide (dATP, dCTP, dGTP, and dTTP). PCR was performed in a PTC-100 automated amplifier (MJ Research, Waltham, MA). Each amplification reaction underwent an initial denaturation at 95 ° C for 3 min, followed by 30-35 cycles of denaturation at 95 ° C for 30 sec, annealing at 52-60 ° C for 30 sec and extension at 72 ° C for 30 sec. Final extension was performed at 72 ° C for 3 min.
Sequencing of mtDNA fragments from M. musculus (129/Ola and DD/c strains) and M. caroli mice. To mark parental mitochondria, we sequenced mtDNA fragments from 129/Ola, DD/c and M. caroli mice. For this purpose, we amplified a D-loop region fragment from M. caroli mtDNA using primers L15320 (5'-ATTACTCTCTGGTCTTGTAAACC-3') and 4 (5'-CCTGAAGTAGGAACCAGATG-3') (Prager et al., 1998) . For this primer set, we used 3.0 mM MgCl 2 and annealing at 52 ° C. For amplification of mtDNA fragments of the third subunit of cytochrome oxidase and the third subunit of NAD-H dehydrogenase from 129/Ola and DD/c mice, we used Cox3ND3F (5'-ATCAACATTCCTTATTGTTTGCC-3') and Cox3ND3R (5'-GCTTGTAGGGTCGAATCCGC-3') primers, 2.5 mM MgCl 2 , and annealing at 60 ° C. Primers were chosen using the Primer Premier 3.0 program. Sequencing was performed using an ABI PRISM BigDye TM Terminator v3.0 Ready Reaction Cycle Sequencing Kit and an ABI PRISM TM 310 Genetic Analyzer (Applied Biosystems, United States). The sequence data for the D-loop region of the M. caroli mtDNA, as well as for the fragments of the third subunit of cytochrome oxidase and the third subunit of NAD-H dehydrogenase of 129/Ola and DD/c mtDNA, have been deposited in the GenBank under accession numbers AF355601, AY836751, and AY836752, respectively.
Identification of the parental mtDNA in hybrid cells. To differentiate M. caroli mtDNA from M. musculus mtDNA in HMC hybrid clones, PCR products were digested with Dra I restriction endonuclease. The D-loop region sequence of M. caroli mtDNA was sensitive to digestion, while the M. musculus sequence was not. To discriminate 129/Ola from DD/c mtDNA in HESF and HESS hybrid cells, the amplification products were digested with Tth 111I restriction endonuclease. The third subunit of cytochrome oxidase sequence of 129/Ola mice was sensitive to digestion, whereas the DD/c sequence was not. Prior to digestion with restriction endonucleases, the fragments were precipitated by GenElute TM LPA (Linear PolyAcrylamide, Sigma) according to the protocol described by the manufacturer. Digestion was carried out in 20 µ l of solution containing buffer B, 100 µ g/ml BSA, supplemented with 10 U of Tth 111I or Dra I restriction endonuclease (Promega, United States). The incubation time was 2 h at 65 ° C for Tth 111I and 4 h at 37 ° C for Dra I restriction endonuclease. The resulting amplified products were separated by electrophoresis in 3% agarose gel in TBE (Tris-borate-EDTA buffer) containing 1 µ g/ml ethidium bromide. To determine sensitivity of somatic partner mtDNA detection in hybrid cells, we analyzed artificial mixtures of parental DNAs with increased dilution of somatic one. It was estimated that M. caroli mtDNA was detected in mixtures at a 1 : 500 dilution whereas DD/c and 129/Ola mtDNA at 1 : 50.
PCR of mtDNA in single cells. Trypsinized cells were washed twice with DPBS (Dulbecco's phosphate buffered saline, Sigma), resuspended and diluted 30-100-fold. Single cells were transferred with glass capillaries to a DPBS droplet in a Petri dish pretreated with 1% agarose solution. Each cell was sequentially washed in 5 droplets of DPBS and transferred to a 0.5 ml tube containing a lysis mixture (2 µ l of proteinase K at a concentration 125 µ g/ µ l, 1 µ l of SDS solution at a concentration 15 µ M, and 2 µ l of DPBS). The lysis mixture was a modified solution originally proposed by Zuccotti and Monk (1995) . The cells were subjected to lysis at 37 ° C for 90 min and proteinase K was inactivated by heating the mixture at 98 ° C for 15 min under mineral oil. A PCR mixture containing primers for mtDNA was added the cell lysate. The PCR conditions were the same as those described above except for 35 amplification cycles, which were used in the analysis of mtDNA from intraspecific hybrid cells and 40 cycles for the purpose of studying mtDNA from interspecific hybrid cells. Preparation of the PCR products and digestion with restriction endonucleases were performed as described above.
Modeling of the genetic drift.
A simulation has been carried out to estimate the probability of fixation of a mitochondrial haplotype in at least Y of the K populations after the X generation of drift. The stochastic evolution has been implemented following the FisherWright neutral drift model (Ewens, 2004) with nonoverlapping generations, constant population sizes, and a common initial haplotype frequency in all K populations. The fixation probability for a haplotype has been estimated as the proportion of fixation events in 100000 simulations.
RESULTS
According to the sequencing of the third subunit of cytochrome oxidase derived from 129/Ola and DD/c mice (GenBank ac. no. AY836751 and AY836752), the strains differ by a single substitution of G with A at position 9348. As a result, the third subunit of the cytochrome oxidase sequence of 129/Ola mice is sensitive to digestion by Tth 111I restriction endonuclease, unlike the DD/c sequence. The M. caroli mtDNA Dloop region sequence (GenBank ac. no. AF355601) differs by 20% when compared to that of M. musculus . Because of these differences, the mitochondrial D-loop of M. caroli , but not the M. musculus counterpart, contains a site for Dra I restriction endonuclease. Thus, the allele-specific sites for Tth 111I and Dra I restriction endonucleases allowed us to reliably differentiate parental mtDNA in interspecific and intraspecific hybrid cells. Figure 1 shows how parental mtDNA has been identified in ES cells, fetal fibroblasts, and splenocytes derived from DD/c mice and their artificial mixtures.
It is well known that the number of mitochondria varies by a wide range in various cell types. This is manifested as different numbers of mtDNA molecules; the variation range is 1600-2000 for fibroblasts (Legros et al., 2004) , 240-420 for lymphocytes (Szuhai et al., 2001) , and about 400 for peripheral human blood monocytes (Gahan et al., 2001 ). There are no data on the number of mitochondria and mtDNA in ES cells. This prompted us to analyze parental mtDNA proportions in artificial mixtures of single ES cells and single splenocytes or single ES cells and single fetal fibroblasts to imitate the relative proportions of the parental mtDNA in hybrid cells at the time of fusion of parental cells. Upon visual inspection, ES mtDNA appreciably prevails over splenocyte mtDNA in most ES cell-splenocyte mixtures (Fig. 1a) . It is important to emphasize that the size of the tested splenocytes varied from 8 to 15-17 µ m. As was shown in Fig. 1b , there is either a slight prevalence of ES mtDNA over the fetal fibroblast mtDNA or equal representation of the parental mtDNA in single ES-fibroblast mixtures. The data imply that the quantity of mtDNA in ES cells is not less than in fetal fibroblasts, but markedly higher than in splenocytes.
Analysis of the mtDNA in intraspecific hybrid clones of HESS series demonstrated that all examined clones generated by fusion of ES cells and DD/c splenocytes do not contain mtDNA from the somatic partner; they have exclusively ES cell mtDNA (Fig. 2a) . This means that HESS hybrid cells, during the 18- 20 passages of their cultivation, have apparently lost mitochondria derived from splenocytes. In contrast, all HESF clones produced by fusion of ES cells with fetal fibroblasts contained the mtDNA from both the pluripotent and somatic partners with no parental pattern being clearly prevalent (Fig. 2b) . Moreover (Fig. 3) , PCR analysis of individual cells of HESF4 clone demonstrated that the parental mtDNA ratio (1 : 1) is typical for most tested cells, although in some samples (1, 7, and 11), there is a slight prevalence of ES mtDNA over the fibroblast mtDNA and a small prevalence of DD/c mtDNA over ES mtDNA in sample 4 (Fig. 3) . We observed a similar ratio of parental mtDNA in subclones HESF1-1, HESF3-1, and HESF5-2 derived from the primary clones HESF1, HESF3 and HESF5, respectively. Thus, there is no noticeable segregation of parental mitochondria in ES-fibroblast hybrid cells.
Analysis of the mtDNA in 20 HMC interspecific clones demonstrated that 17 of them contained the mtDNA from the pluripotent partner only and, in three clones, HMC4, HMC27, and HMC44, the mtDNA of both fusion partners was detected (Fig. 4) . It should be noted that M. caroli mtDNA was only detected in the HMC44 clone before the 13th passage and not in the later passages. The data imply that, in most hybrid HMC clones, mitochondria derived from splenocytes are lost. It should be emphasized that this complete loss of mtDNA of the somatic partner occurred within 10-15 passages after fusion. Interestingly, we observed variability in the relative proportions of parental mtDNA in HMC4 and HMC27 clones, confirmed in three repeted experiments on cell cultures cryoconserved at different passages. This variability suggested that the clones probably contain cells with different contents of parental mtDNA.
To assess intraclonal variability, we analyzed mtDNA in single cells from HMC4 and HMC27 hybrid clones (Fig. 5) . Among the 32 examined cells of an HMC27 clone, there were 20 cells containing mtDNA from the pluripotent partner only and 12 cells with mtDNA of both parents (Fig. 5a ). Most cells that were positive for both parental mtDNAs showed an obvious prevalence of mtDNA of the pluripotent partner over the somatic counterpart, although a single cell had a ratio of parental mtDNA of close to 1 : 1 (Fig. 5a ). This suggests that most HMC27 cells lost mitochondria derived from splenocytes; however, in some cells, the process of preferential loss of the mitochondria continues. Hybrid clone HMC4 retained both parental mtDNAs during prolonged cultivation up to passage 27. Single-cell analysis revealed that, among 31 HMC4 cells, mtDNA from the pluripotent partner was prevalent in 10 cells, from the somatic partner in 11 cells, and 10 cells contained the mtDNA from both parents in a ratio close to 1 : 1 (Fig. 5b) . Among cells with a prevalence of mtDNA from the pluripotent partner, we detected one cell that exclusively contained this type of mtDNA (Fig. 5b) . In general, clone HMC4 is unique because it shows the bilateral segregation of the parental mitochondria in contrast, which differs from the unilateral in the remaining 19 HMC clones. Moreover, it follows from the data that the numbers of cells with a prevalence of mtDNA derived from the pluripotent or somatic partner, respectively, are similar and their distribution is quite symmetrical in respect to the cells with a ratio close to 1 : 1. The data suggest that the segregation of both parental mitochondria in HMC4 is realized with equal probability which is characteristic of a stochastic process. It is important to note that there are significant differences in nucleotide sequences of the D loops of parental mtDNA between M. musculus and M. caroli. However, it seems that these differences do not determine any preference for segregation.
In general, the data demonstrate that there are dramatic differences in segregation patterns of parental mitochondria between two types of embryonic hybrid cells, i.e., a preferential unilateral loss of somatic mitochondria takes place in ES-splenocyte cells, but not in ES-fibroblast cells, which have no signs of preferential loss of one parental mtDNA over the other. Judging from Fig. 1 , the number of mtDNA in splenocytes is much less than in ES cells, whereas mtDNA content in fibroblasts is comparable to those in ES cells. If we assume that the mean quantity of mitochondria in splenocytes and lymphocytes is similar (Manteifel et al., 1997) , i.e. about 40-45, then it is 15-20 fold less than that in fibroblasts (Legros et al., 2004) . This is presumably also true for ES cells as well, judging from their similarity to fibroblasts in their quantity of mtDNA (Fig. 1b) . To assess whether the condition is sufficient to complete the elimination of somatic mitochondria in ES-splenocyte hybrid cells without any selective pressure, we performed a computer simulation of genetic drift as described in the Materials and Methods section using the following conditions. The ratio of splenocyte mitochondria to ES mitochondria hybrid cells was set to 1 : 20-1 : 25, i.e., 40-50 splenocytes and 1000-2000 ES mitochondria. The number of cell divisions was 50-150. The number of cell divisions to the time of analysis was estimated to be 3-5 per passage. The simulation showed that, under these conditions, the probability of the random fixation of ES mtDNA is only 0.209-0.257 for an individual HMC clone, while the probability of fixation by drift in 17 out of 20 clones is 0.0001-0.0006. Thus, preferential loss of splenocyte mitochondria in HESS and HMC hybrid clones is not consistent with the hypothesis of neutral segregation of the splenocyte mtDNA and, hence, is nonrandom. DISCUSSION This study demonstrates that, in both intra-and interspecific ES-splenocyte hybrid clones, except for HMC4, there is a preferential loss of mitochondria of a somatic partner, whereas, in ES-fibroblast hybrid cells, we did not observe a marked segregation of parental mtDNA. The population of splenocytes is heterogeneous and contains many cell types, including fibroblasts. Although B-and T-lymphocytes, at different stages of differentiation, represent a large proportion of splenocytes, we cannot exclude the possibility that the HMC4 clone originated from the fusion of an ES cell with a fibroblast or a cell with a similar nucleo-cytoplasmic ratio since fibroblasts are always present as a minor contamination in splenocyte suspension. In addition, the HMC4 clone is near tetraploid, as is typical of ES-fibroblast hybrid cells . In general, the revealed differences in segregation of the parental mitochondria in ES-splenocyte and ES-fibroblast hybrid cells imply their dependence on the cell type of the somatic partner.
It is reasonable to consider factors that could potentially determine or influence the direction of segregation of parental mtDNA in ES-splenocyte and ESfibroblast hybrid cells. Most splenocytes are quiescent cells and, hence, the mtDNA replication rate in parental cells is a potential factor that can affect the direction of mitochondria segregation. Parental mitochondria are initially retained after cell fusion. It takes 12-16 h for ES cells and 18-24 hr for fibroblasts to double. The rate of mitochondria division in ES cells and fibroblasts is about the same. In contrast to this, splenocyte mitochondria replicate slowly. The differences in the division rate of the parental mitochondria are able to induce a loss of splenocyte mtDNA in most ES cell-splenocyte hybrid clones, as well as to retain both parental mitochondria in ES cell-fibroblast cell hybrids. HMC4, HMC27, and HMC44 clones which are no typical of spenocyte-derived hybrids, might have resulted from fusion of ES cells with either dividing non-lymphocyte cells or with fibroblasts.
M. caroli and M. musculus. mtDNA D-loop region sequence differs by 20%. The difference may be a factor affecting the replication rate of the parental mtDNA in HMC clones Relevant observations were registered in mice generated reciprocally by the electrofusion of a blastomere from a two-cell embryo of one mouse strain with an enucleated blastomere of a two-cell embryo from another strain (C57BL/6 or RR). mtDNA from the RR strain was predominantly replicated and transmitted through successive generations, regardless of its nuclear background (Takeda et al., 2000) . Takeda et al. (2000) suggested that the replicative advantage of RR mtDNA over C57BL/6 mtDNA was explained by the considerable differences in nucleotide composition of the D-loop regions of mtDNA in the two mouse strains. The current analysis of single cell mtDNA from HMC4 clone showed that, in fact, the differences in the mtDNA D-loop sequences did not cause a predominant loss of mitochondria from one parent or the other.
Finally, it appears worthwhile to compare the segregation patterns of parental chromosomes and mitochondria in the cell hybrids. Analysis of mouse-human cell hybrids segregating either mouse or human chromosomes showed that the mtDNA of the parent whose chromosomes were segregated from the nucleus was undetectable or present in trace amounts (Francesco et al., 1980) . Retention of both parental chromosomes and mitochondria has been observed in mouse-Chinese hamster and mouse-rat somatic cell hybrids (Hayashi et al., 1982) .
Our previous study showed a preferential loss of chromosomes of somatic origin in HESS, HESF, and HMC hybrid clones . When hybrid clones of the HESS and HESF series were compared, it became evident that chromosomes and mitochondria of predominantly somatic origin were eliminated in HESS clones, while HESF clones retained the chromosomes and mitochondria of both fusion partners. This disclosed the trend to lose or retain together the chromosomes and mitochondria from a somatic partner. However, the analysis of HMC hybrid clones indicated that, although HMC4 and HMC44 clones retained all of the chromosome markers and mtDNA from the somatic partner, in other clones (HMC1, HMC2, HMC21, HMC28, and HMC41) with no evidence of chromosome segregation , splenocyte mtDNA was absent. In contrast, the HMC27 clone showed modest loss of chromosomes from the somatic partner, yet contained mtDNA from both partners. Thus, there are some similarities between the segregation patterns of the nuclear and mitochondrial genomes, but the correlation is not absolute.
In conclusion, it should be noted that, in spite of significant differences in segregation patterns of the parental mitochondria in ES-splenocyte and ES-fibroblast hybrid cells, the level of their pluripotency is similar, including their capacity to generate chimeras (Vasil'kova et al., 2007) . This means that the mitochondrial status of embryonic stem hybrid cells is not closely related to their pluripotential capacities.
